
RAPID COMMUNICATIONS

PHYSICAL REVIEW B 15 MARCH 1998-IIVOLUME 57, NUMBER 12
Relocation time of the domain boundary in weakly coupled GaAs/AlAs superlattices

K. J. Luo, H. T. Grahn, and K. H. Ploog
Paul-Drude-Institut fu¨r Festkörperelektronik, Hausvogteiplatz 5-7, D-10117 Berlin, Germany

~Received 17 December 1997!

Static domain formation in doped semiconductor superlattices results in many branches in the current-
voltage characteristic separated by a discontinuity in the current. The transition process from one branch to the
next has been studied experimentally by adding an ac bias with different amplitudes to a dc bias close to a
discontinuity and recording the time-resolved current. The relocation time of the domain boundary depends
exponentially on the difference between the final static current and the maximum or minimum current value of
the corresponding branch, which is reached before the relocation of the domain boundary takes place. A
universal relationship between the relocation time and the current difference has been observed.
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The current-voltage (I -V) characteristic of doped, weakl
coupled superlattices~SL’s! exhibits—under formation of
static electric-field domains—many sharp branches, wh
are separated by a discontinuity in the current. Under dom
formation, the electric field in the SL’s breaks up into tw
regions of constant field, which are separated by a dom
boundary. The domain boundary is formed by a charge
cumulation layer, which is confined to one or several
periods, i.e., one or several quantum wells of the SL. Wh
the applied bias voltage is swept from one current branc
the next across a discontinuity, the domain boundary mo
exactly by one SL period.1 Although there has been prev
ously a large amount of investigations on static dom
formation,2–7 dynamical processes such as the domain
mation time have only been studied recently.8,9 However, the
actual motion of the domain boundary, which occurs dur
a current jump from one branch to the next, remains uncl

In this paper, we determine the relocation time of t
domain boundary in a weakly coupled SL by fixing the
bias (Vdc) near a discontinuity of theI -V characteristic and
adding an ac square pulse voltage with different amplitu
(Vac). The transient behavior of the current is measured a
function ofVac. When the total applied bias sweeps acros
current jump, e.g., from one branch to the next, the curr
response exhibits a delay, which becomes faster with
creasingVac. The delay time depends exponentially on t
difference between the final stabilized current and the m
mum or minimum current of the initial current branch.
universal relationship between the decay time and the cur
difference has been observed for all cases.

The investigated sample consists of a 40-period, wea
coupled SL with 9.0 nm GaAs wells and 4.0 nm AlAs ba
riers grown by molecular beam epitaxy on a~100! n1-GaAs
substrate. The central 5 nm of each well aren doped with Si
at 3.031017 cm23. The SL is sandwiched between tw
highly Si-doped AlxGa12xAs contact layers forming an
n1-n-n1 diode. The sample is etched to yield mesas wit
diameter of 120mm. The experimental data are recorded in
He-flow cryostat at 5 K using high-frequency coaxial cable
with a bandwidth of 20 GHz. The time-averaged curre
voltage characteristics is recorded with a Keithley SMU 2
The current response to an ac voltage pulse is detected
a Tektronix CSA 803 sampling oscilloscope using the sa
pling head SD-32. The square wave voltage pulses are
570163-1829/98/57~12!/6838~4!/$15.00
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erated with a Wavetek 50 MHz pulse/function genera
~model 81! with a width of 5ms and a period of 10ms. The
pulse width and period have been chosen to be sufficie
long to allow the field distribution inside the SL to stabiliz
after the voltage is turned on or off in order to reset the fi
and charge distribution, before the next pulse arrives.

The time-averagedI -V characteristic at 5 K of the inves-
tigated sample is shown for the two sweep directions
tween 0 and25.5 V in the inset of Fig. 1. The current pla
teau between20.3 and24.8 V originates from the electric
field domain formation as described in Refs. 4 and 7.
enlarged section of theI -V characteristic between20.68
and 21.04 V is plotted in Fig. 1, which contains fou
branches and three discontinuities. The arrows indicate
sweep directions. Note that due to the multistability of t
I -V characteristic,7 the jump occurs at different voltages fo
different sweep directions.

In order to investigate the current response, we set the

FIG. 1. Time-averagedI -V characteristics at 5 K for two sweep
directions, from 0 to25.5 V ~d! and25.5 to 0 V ~L!. The com-
plete sweep is shown for both directions in the inset.
R6838 © 1998 The American Physical Society
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bias to20.7 V near the first jump of theI -V characteristic
in Fig. 1. By increasing the amplitude of the voltage pul
the total voltage will eventually cross the first jump, and t
current response should experience a strong change. F
2~a! displays a series of current responses versus time
tained for different amplitudes of the voltage pulse. All r
sponses begin with a sharp spike, when the voltage puls
turned on. These spikes are due to the displacement cu
of the sample, when a voltage step occurs, and mainly re
the shape of the leading edge of the pulse.9 We will focus on
the current response within a single pulse width, i.e., the t
range between 0 and 5ms, where 0ms is defined by the onse
of the voltage step. For all responses, the current eventu
reaches a stable value, which is equal to the dc current m
sured in the time-averagedI -V characteristic shown in Fig
1. WhenuVacu is less than 76 mV, the total bias results in
current value on the same branch as the dc bias. In this c
the current increases with increasinguVacu and stabilizes in-
stantaneously after the pulse is turned on. The situation
the total bias is shown by the arrows in Fig. 2~b!, where an
enlarged section of the time-averagedI -V characteristic of
Fig. 1 for a sweep starting at 0 V is shown between20.67
and 20.91 V. The dotted lines~arrows! in Fig. 2~a! @Fig.

FIG. 2. ~a! Current response vs time for different negative vo
age pulse amplitudes at an applied dc voltage of20.7 V and 5 K.
The curves have been shifted vertically in units of 30mA for clar-
ity. ~b! Section of the time-averagedI -V characteristic indicating
the total voltage applied during a voltage pulse.
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2~b!# correspond to a total voltage on the initial branch a
the dashed ones on the second branch. A strong chang
the current response occurs, whenuVacu576.1 mV, indicat-
ing that the total voltage reaches the next branch. The cur
jump from the first to the second branch takes place wit
0.1 mV. The decay of the current response is now prolong
However, with increasing pulse amplitude, the decay
shortened. A similar behavior has also been observed, w
the dc bias is fixed at other dc voltages within the plateau
the I -V curve shown in Fig. 1.

The same experiment has been performed by fixing the
bias at21.0 V and applying a positive ac voltage pulse.
this case, the magnitude of the total applied electric field
smaller than the initially applied one. The observed behav
is shown in Fig. 3~a!. As long as the total bias is on the sam
branch as the dc bias, the current reaches the stable v
within the step pulse resolution. However, atVac540 mV,
the current for the total and initial bias are on differe
branches@cf. Fig. 3~b!#, and the current response is aga
delayed by about 1.5ms. With increasingVac, the current
response is shortened and reaches between 120 and 15
a time constant of the order of 100 ns. The second branc
reached atVac5150 mV, and the response is again delay
by about 1.1ms.

FIG. 3. ~a! Current response vs time for different positive vo
age pulse amplitudes at an applied dc voltage of21.0 V and 5 K.
The curves have been shifted vertically in units of 30mA for clar-
ity. ~b! Section of the time-averagedI -V characteristic indicating
the total voltage applied during a voltage pulse.
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The observed results can be interpreted in the follow
way. In contrast to previous experiments, where the bias
changed from 0 to its final value in order to study the fo
mation of the boundary moving over many periods,8,9 we
clearly observe the relocation of the domain boundary o
one or two periods. The domain boundary has already b
formed before the ac bias is applied. Due to the large cha
in current, whenVac is just sufficiently large to reach the ne
branch, the measured response is delayed. After the ac p
has been turned on, the domain boundary first remains in
same well. The current value appears to be pinned at
maximum ~minimum! value of the initial branch for the
negative ~positive! ac bias modulation in Fig. 2~Fig. 3!.
After a certain time, the domain boundary relocates, and
current changes to its final stabilized value. The delay tim
solely determined by the difference between the final sta
lized currentI and the maximum or minimum currentI m of
the initial branch, which is reached before the current jum
A close examination shows that the relocation timet rel de-
pends exponentially on this current differenceI 2I m , i.e.,

t rel5A exp~ uI 2I mu/I 0!, ~1!

whereA and I 0 denote constants. In Fig. 4, the relocati
time t rel is plotted as a function of the current difference
a logarithmic scale for three different cases. The squares~tri-
angles! correspond to the situation in Fig. 2~a! @Fig. 3~a!#,
where the initial and final voltages are located on adjac
current branches. The circles, which have been shifted h
zontally by 20mA in order to avoid an overlap with the
triangles, correspond to data of Fig. 3~a!, where the final
voltage is on the third branch with respect to the initial vo
age on the first branch. For all three data sets, the solid l
in Fig. 4, which denote linear fits to the data points, exhi
within experimental uncertainty the same slope. The res
ing parameteruI 0u is equal to 8.8, 9.6, and 8.3mA for the

FIG. 4. Logarithm of the delay time vs current difference b
tween final current value and the maximum or minimum currentI m

of the initial branch. The squares correspond to the situation sh
in Fig. 2~a!, the triangles and circles to the situation in Fig. 3~a!.
The circles have been shifted horizontally by 20mA. The solid lines
are linear fits to the data points.
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squares, triangles, and circles in Fig. 4, respectively. N
that I 0 does not depend on the direction of the applied vo
age pulse, nor on the number of branches between the in
and final voltage. This universal behavior indicates that lo
charging and discharging at the domain boundary play
central role in the domain relocation process.

We now consider the current response at large nega
pulse amplitudes, which have not been shown in Fig. 2. F
ure 5 shows several current responses, whenuVacu is larger
than 150 mV atVdc520.7 V. In this case, the current ini
tially decays to a lower level and then recovers to its sta
value. Such a behavior does not change much, whenuVacu is
increased further, as shown foruVacu5185 mV, where the
total bias has reached the third branch@as indicated by the
solid arrow in Fig. 2~b!#. From Figs. 5 and 2~a!, it can be
seen that at large pulse amplitudes, the current response
hibits a very different behavior, which indicates a doma
formation mechanism different from that at smaller pu
amplitude. In Fig. 5, the bottom solid line shows the curre
response, when the bias is applied from20.7 to21.0 V. A
very similar response is observed, when the dc bias is se
0 V and an ac pulse of21.0 V is applied, as shown by th
dashed line in Fig. 5. The similarity between the two curv
strongly suggests that they are due to the same domain
mation mechanism, i.e., the monopole hopping mechan
over many periods, as reported in Refs. 8 and 9.

In conclusion, we have studied the dynamical process
domain relocation in a doped GaAs/AlAs superlattice by a
plying a dc bias near a current discontinuity and adding an
bias with varying amplitude. For a final current value on t
same current branch, the current response reaches its
value within the risetime of the voltage pulse. If the fin
current value is located on another branch, the time cons
of the response depends exponentially on the difference
tween the final current and the maximum or minimum c
rent values, which is reached before the relocation of

-

n
FIG. 5. Current response vs time for voltage pulse amplitude

2150.1,2185, and2300 mV at an applied dc voltage of20.7 V
~solid lines! and for 21.0 V at an applied DC voltage of 0 V
~dashed line! recorded at 5 K. The upper two solid lines have be
shifted vertically in units of 30mA for clarity.
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domain boundary takes place. The parameter for the ex
nential dependence is independent of the voltage p
direction and number of branches involved in the relocat
process.
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